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ABSTRACT

The geochemical properties of a porous sand and several
m,cers (Ni, Br, and Li) have been characterizedfor use in a
caissonexperimentdesignedm v_idaw sorptionmodelsusedin
models of w.acfive _mnspon. The surfaces of the sand gra/ns
have been examined by a combination of techniques including
potentiometrictitration, acid leaching, optical microscopy, and
scanning electron microscopy with energy.dispersive
spectroscopy. The surfacestudies indicatethe presenceof small
amounts of carbonate, kaolinite ancl imn-oxyhydroxides.
Adsorption of nickel, lithium and bromide by the sand was
measur_l using baw.hU_hniques. Bromide was not so_xMby
me sand. A linear 0_) or sn isothenm mrpeion model may
adequatelydescribe_n of Li: however, a model describing
the changes of pH and the concenu'ations of other solution
species asa functionof time andposition within the caisson and
the concomitant effects on Ni sorption may be required for
accuratep_d/ctions of nickel mmspon.

I. INTRODUCTION

Models used in performance assessment m_l site *
characterizationactivities relatedto nuclearwaste disposal rely
on simplified representations of solute/rock interactions,
hydrologic flow fields and the material propertiesof the rock
layers surroundingthe repository. A crucial element in the
design of these models is the validity of these simplifying
assumptions. An intermeclime.sca]eexperimentis being carded
out by Los Alamos National Laboratoryand Sandia National
Laboratories for the Yucca Mountain Site Characterization
Proje_ m demonstrate a su'ategy m valida_ key geochemical
and hydrological assumptions in performance assessment
models. The overall objectives and plan for the experimemare
describedin Siegel et M.I

The experiment involves the detection and pre,d/ction of
the migmion of fluid and tracers through a 6-m high x 3-m
diametercaisson fiUedwith a porous medium. An overviewof
the mechanical designof the caisson,characterization of the
hydraulic pmpe_es of the porous medium and a descriptionof
transport calculations used in the design are given in a
companion paper2. This paper describes the geochemical
characmrizaUmof the porous medium md tracers that was
tamed out as partof the design phaseI of the extgriment.

The caisson is filled with Wedron $10 sand, a
commercially available Mlicasand, (WedronSilica, Wednm !11.
60557). According w its bulk chemistry and_minendogy,
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Wedmn 510 sand is nearly pu_ qua.r_, but preliminary
characterization'Jsuggested that it contains at least three other

" chemically reactive components: carbonate, iron oxyhydroxide.
kaolinite. Of particularinterest at this stage of the workare

several questions _,Jated to mc nature of these minor
phases: 1. What role do they play in the overall sorpdon
behavior of the sand? 2. Are the minor phases present as surface
coatings or discrete mineral gnins? 3. What wm be mc effects
of dissolution of mc quartz and me minor minerals on mc
chemical compositions of the pore water and minerMsurfaces
m_l on me behaviorof the U'acers.

As discussed in Siegel ct al._• suiteof re.activemzcersthat
spans a variety of chemical behaviors was considered for mc
caisson experiment. The mzcers that were chosen for the final
design include: I. bromide, a conservative u-a_r that can be
used to trick the movement of water in the caisson, 2. U_ium. a
tracer that forms relatively weak surface complexes, _ 3.
nickel, a mmsition metal thai forms strong surface complexes
with geologic materials_ is representativeof waste elements
re]_ from mc ra'ucturalmaterials in mc high-level waste.
For the purposeof caisson design, experiments were conducted
to examine the most important influences on sorption for each
tracer. Basedon a review of the literature'-,s.s.'_.._ preliminary
experimentst, the it was proposed that sorption of lithium by mc .*
ramdwould be influenced by tracer concenu-zzion and that
sorption of Ni would be sensitive to solution pH. Data
describing these relationships are described in this paper. In
addition, interactions between the u'acersand solution sampling
equipment were studied to estimate the associated uncertainties
in measurements of the time-dependent u'acer concentration
pmr'deswithin thecaisson.

The formulation of • framework for data collection that

supports the long-term objectives of the caisson experiment (ie.
mc validation of geochemical approximationsused in models of
reactive wanspon) also is described in this paper. Threemajor
issues that are being addressed to develop the framework
are: I. What geochemical characteristics of the porous medium
will dominate chemical rezm'dationof tracers? 2. What are the

primarycontributorsto the uncertaintyin O_ accuratedetection
of mc Irac_rsin the caisson? and 3. Which geochemicalmodels
adequasely describe u'acer migration?For the detailed
characterizationphaseof the caisson exper_nentt. a more
complete set of data, describing the interactions between each
tracer and the sm_cl,among the tracers, znd among the
,nd me omer solutes in the pore water of the sm_ is being
collect_ Insuch • way as to allow applicationof several models
of geochemic_
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!1. METHODS

A. Mineralogical Analysis

The mineralogyof the Wedron 510 sandwas characterized
by powder X-ray difraction with a Scintag _ffractometer.
Morphoplogies of sand grains and surface coatings were
examinedby petrographicmicroscope and sc._mningele_m:m
microscopy with energy dispersive analysis. The surface
was measured with the BET (erunauer, Emmett. and Teller)
method.

B. Bulk Composition andSurface Leaching

A homogeneous-100 g sampleof Wedmn 510 sand was
obtainedby a spiiuer, _ into a sieve rock andplaced on a
PulveritVibrator. C]z_cal analyses of balk compositions and
surfacecoatings were madeof several particlesize fractions. The
mbsample for bulk anal)sis were digested in HF and HNO3,
spikedwith Be, Sc, and In to act as internal standanksfor mass
spectrometricanalysis andthentakenup in 100 m/!% nitricacid
solution. Surface coatings were assumed to be representedby
componentsleachable in boiling 6 N HCI. Afterboiling the sand, ,
the leachatewas evaporatedto dryness, P..dissolvedin a few trd
I% nitric acid solution, filtered I/troughWhatman 042 filter
paper,spiked with Be, Sc, andIn, anddiluted to 100 m/with I%
nitric acid. Both sets of samples were analyzedfor major
minor elements on the VG InstrumentsPlasmaquad ICP-MS
(Inductively-coupled-plasmamass .,':_,ctmmeter).For Ca and Si
analysis, 50 na/ of the sample solutions was evaporated to
dryness, taken up in a few m/ of deionized (D.I.) water, and
analyzedby atomic absorption(AA).

C. UnsaturatedColumn LeachingExperiments

Small-scale column experiments were carried out to study
the changesinthepH andcomposition of leachable components
of Wedron510 sand in dilute NaC] electrolyle as functions of
time and saturationstate. A schematicof the column apparatus
is shown in Figure 1. NaCI solutions (0.01 M or 0.001 M NaCI,
pH - 6) were pumped throughcolumns (7 cm I.D. x 24 cre)
filled with Wedron 510 sand. The pore volume of the column
was approximately180 ml. The flow rate and bottom boundary
suction was vatried_' control the degree of saturation (50% -
I00%). The pH of the inQuentmlution was measured in • top
reservoirand also in a flow-tluou3h ceUjust prior to enuy into
the colunm. The pH of the effluent solution was measured in a
flow-throughcell as it exits thecolumn and afterit was collected
in in open vessel. In experiments with 0.001 M NaC] Inllmmt,
samples of emuem were acidified (1% HNO3)and-mmlyzedfor
AI, Ca, Mg, Li, Ni, and Br by ICP-MS. Si was dew.nninedfor
each sampleby atomicabsoqxion.

D. Potentiometric SurfaceTitrations

AcidimeUic-alkalimetrictitration curves for Wedron 510

sand and Min-U-Sil5. a reference a-quartz from the
PennsylvaniaGlass Corp. (Pittsburgh,PA), were obtainedover
the pH range 2.65 to 10 at increments of-I pH unit. Aliquots
of 49 mM HCI and37 mM NaOH were addedto batch systems



, ,. consisting of 20 ml 0.01 M NaCi electrolyte and 15g sand in 40
tnl polyallomar (PA) centrifuge tubes. Periodic pH
measurementswen:madeatintervaLsof0. 3.0,5.8,and31days.
CO_.free conditions wen: maintained by preparing solutions
finn, _oUed deionized water, purging the headspace of tri
vessels with Ar and carrying out pH measurements under Ar
purge.

Figure I. Experimental Apparalusfor UnsaturatedFlow Sand
Column Leaching Studies.

To evaluate the effects of mineral surface coatings,
titrationcurves were otaained on the sand and Min-U-Sil 5 in
both mw and surlace-cle,aned states. Surface coatings were
removed from the We,tiron sand and the Min-U-Sil 5 using a
cleaning procedure adapted from Kohler and Lecki¢4. The
sample was ignited to remove organics, n_fluxed in HCIO, to
remove soluble cations, washed in dilute NaOH to neutralizethe
acid, thoroughly rinsed, and finally dried. Batch systems
contained 20 mi electrolyte and a sorbent surface area of 3.15
m2 (either 15g sand or 0.53 g silica).

E. Batch Sorption Experiments

Ni sorption was measured in batch experiments
mlid:solution ratios of tpproximately I:I over thepH range$ to
9.5. Ni tracen;wen: l_Pared fromFial_erNi AA Slanda_ (I000
_g/mlin 2%HN03). Theexperimentswerecaniedoutunder
sanosphedc or CO2.free conditions in 0.01 or 0.001 M NaC1in
40 ml polycm'ommle(PC) or PA centrifuge tubes. Initial Ni
_ms wen: 50 or 100 ng/g and 15 or 20 g of sand were
used. The sandand elecuvlyte were pre-equilibratedfor 48 - 72
hr and then equilibrated for 18 to 48 hr after addition of lhc
ricer on a hematology mixer. After this period, the samples
were centrifuged for I0 mhautes at i 1,000 q_m and allowed to
cool to room temperature. The pH of each sample was
measured using nn Orion Research Model 940 pH meier as
describedbelow. Approximately 15 ml of the supematant was
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• removedfromthecentrifugetube.passedthrougha 0.2tun
nylonfilteranachedlaaplasticsyringeandplaceddirectlyinto
7ml polyethylenevials.FinalNiconcentrationsweremeasured
by graphitefurnaceatomicabsorption(GFAA)spectroscopyas
describedbelow.

Batchstudiesof sorptionof lithiumand bromideby
Weldmn 510 sand in 0.001 M NaCI under ammspheric
conditions were carried out in 40 ml PC centrifuge tubes.
Reagent grade lithium bromide 0ABr) was used as the murce
for both lithium and bn_mine. Soluton_uand ratios of
approximately i:i, 5:1, and 10:1, and lithium and bromine
¢_cenlrations of i.44 x i0 "$, 1.44 x 10-4 •hd 1.44 x 10"3M

were used. The samples were allowed lo we-equilibrate for
approximately six daysand w equilibrate forapproximately
seven days aftertraceraddition while being contimmuslystirred
on a hematology mixer. Solutlon-solid separationpmc,edun_
were thesame as those describedabove. Thesamples were then
analyzed for lithium by atomic adsorption and for bromine by
ion-specific electrode as describedbelow.

F. Ni Solubility Studies

Ni solubility studies were carried out under C02-f_.e
conditions in 30 mi 0.001 M NaCI electrolyteover the pH range
5 - 10 in 40 ml PA centrifuge tubes. In an effort to provide
nucleationsites forprecipitation of Ni(OH)_. -- I ml of a neulral
200 nf,/ml Ni solugon was first evaporatedin eachtube. Next,
30 ml of electmlyle was added and thenenoughNi was addedto
provide an initial concenlrafion of <I0"2M for systems with
target pH < 8, or an initial concenwation of 10-4.'n M for more
alkaline systems. In the alkaline systems, Ni was addedas 1000
pg/ml NI solution in 2% RNO3: in the acidic systems, Ni was
addedas NiCI2*6H20 solid. Weak NaOH and HNO3 solutions

were usedtoadjustthepH ofeachtubetoi_ target value(±0.1
pH units). The systcms were nominally 10" M NaCi (I = 0.001
M), but became significantly st_,ongerfor those at low pH
because of the addition of large amounts of NiCI2*6H20,
reachingI --0.03 M at pH 5.4.

Afterstaticstoragefortwodays.thetubeswereplacedon
hematology mixers and gently agitated for eight days. At the
endofthis period,pH wasmeasuredandaliquotspipetted forNi
analysis. Each aliquot was fi]t_w.,das described above for
sorption studies and Ni concentrations were determined by
GFAA as describedbelow.

O. _ical Analyses

Nickel omcentntiom were determinedusing graphite-
furnaceatomic absoq_on _y (GFAA) on a Peddn-
E2merHOA-5000 witha Ip'aphite-fumsceprogrammermd an
teto-tmpler. Thedata.red.trim scheme applies• quadraticfit
to the absorbancedata and conects forevaporationfromthe
lula-sampler vials to achieve better than I.S% precision over a
dynamic range of 0 - 200ng/ml, with • limit of detectionof 0.2
ng/ml orbetter.

Lithium analyses were obtained using air.acetylene flame
atomic absorption(A,A) _metry on the Perkin-E_ner
HGA-5000. The samples were dr4wn directly from the



polye_ylenc vials m at _roximately4.1 ml/rain. A cMibrafion
curve was denved from a qu_lrmic fit w the absorbance data
using me.asummentsmade on blanks (0.001 M NaCi electrolyte)
m_l standardsof I _,/ml, 5 pg/ml, and I0 i_/m! Li.

Br wu sm4tly'z_with an GRJON94300 Br ion specific
e.Je_-_odcwith• ORION 900100singlejunctionreference
e.lecm)dc,pH measurementsweremade withnn OrionROSS
#8104oombinafione.lccuodcconnectedW an Orion940 pH
memr. The electrodewas calibmmdagainstpH 4,7,and 10
buffers (actualvalues enteredin the meter were concctedto the
ambient temperature) using the Orion's Inmmal 3.point
calibration routine. Internalprecisionof the pH cal/brationis :t
0.03pHunits.

Measurements of pH were made under CO2-fme
conditions In order w reduce the confounding Influence of
dizequRibdum with atmospheric CO2. A low-flow As purge
system with a mo-su, ge scrubberpurged the headspace of the
baw.h-experimem containers duringpH me4ksummems
maintained CO2-fr_ conditions. The tim scrubber was filie.d
with 0.5 M NaOH to remove an acidic contaminant in the At

(probably CO2 or HCf); the second stage contained boiled
deionized waterw remove NaOH aerosol. In the Ni solubility
studies pH readings were taken after allowing the electrode m -"
stabilize for 4 minutes.

Major and minor elements in leachates from batch md
colunm studies were analysed on • VG InstrumentsPlasmaquad
ICP-MS. An aliqoutof each sample was spikedwith I000 ng/ml
eachof Be, Sc,andIn,andmn alongwithpreparedslandards,
whichdefined the calibration curve. The standardsweremn
againasunknowns to determinethe detection I/mRsanderrors for
eachelemem.

IlL RESULTS

A. Mineralogical Studies

The bulk mineralogyof thesandwasdeterminedby X-my
diffraction:thcpatternsshowsignificantdiffractionmaximafor
quartzonly. A detailedexaminationof the XRD panemfor
minor peaks beAween6° and 64° fails m reveal my sign of
cast.hate, but shows traces of kaoliniteas wellas four

unid_t/fied peaks. A colloidzl fraction of the sand (0._% by
weight) which remainsdispersed at pH > 8.5 was also analyzed
by XRD. lt showsde.at dff_ maxima for quartz and
Iramlinlte,and again lacks my Mgnof carbonate. Observ_ons
usingSEM _-vealeda collect/onof raggedfragmentswhose
EDS spectrawere dominatedby subequal Inumsltles ofAl and
Si X-rays with lower InUmsity (usually) of O X-rays. No
fragmentsof quartzwere observed,implying thg qua_
constitutesIxu_ly nomoretlum10% oftheconoidM
StudiesofINn-sectionsunderanopticalmicroscopereveal
the sand _are coau_ with a yellowish mmedal suggesting

Fe is likely W bepresentasa_ coalingofhemmimrod/or
soe_zo._ sandOa/ro.
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, . B. Bulk Composition andSurface Leaching Experiments

The size analysis of the Wedron510 sand obtained by dry
sieving is shown in Table I.

[Table 1. Sieve results for Wedron $10 sand

U.S. sieve # Size fraction Weight %of total

50 fT.> 295l_n 8.91

70 295tun> fr.> 212tun 39.55

I00 212 llm > fr. > 150 pm 27.74

140 150 lain> fr. • 106 I_m 16.63

200 106 I_ • fr.• 74 l_m 6.42

Pan 74 ttm> fr. 0.75

Chemic_ analyses of the bulk chemical samples
(dissolvable in concent.,'ai_ EIF and HOO4) and surface
leachates (dissolvable in hot 6 N HCf) from sn _sieved sample
andtwoparticlesizefractionsareshowninTable2. Surface
¢_.nwafiom are expressed as the mass of lhc elemem in b
leachatedividedby the weightofthesandsample. No valuesare
givenfor Br in the surface_stry samplesbecausethe Br
contaminationfrom 0le HCf was mo high. VMues of Si -"
concentrationare close to I00 wt.%. The compositionof the
212 lain-150tun fractionwas similarto that of the 295 ;un - 212
tim fraction shown in the table. The bulk analyses of the freer
size fractions tl'ml arc not tlbulaw.d (150_m-106_ and

106fun-74fun)weremoree_chedinalloftheminorandIrace

metalscomparedto the coarserfxacUons. Table 2. Chemical amdvsis of Wedron $10sand*

[ $i_,,,Fracu'on ]

I unsplitsand .295tan- 2121J.m < 741an
bu_ aU:f _ sm£ bulk aU[

Li 1.54 0.05 1.70 0.06 2.47 0.06
Na 1.67 <0.20 1.00 <0.20 9.59 0.86
Mg 24.7 10.92 23.0 13.7 118 84.6
Ai 2820 482 2290 579 ! 1300 1200
Si _' 5.4 ,N, 5.4 _ 18.4
', 2.52 0.51 1.40 <I).20 20.I I.I0
Ca 55 23 46 26 222 198
'13 83.1 2.55 61.1 2.35 892 13.2
Fe 242 80.0 128 39.0 2280 1180
Ni 0.18 0.14 0.09 0.09 2.08 0.90
Br 1.68 sm 0.34 NI <0.75 ,m,,..

*Values in lql/l_.** Si02 contentwas zlO0_; *** _tlyses
not reliable due to comaminalion.

The_ analysisof_e Enes_sizefraction and the surfwe
oo_'_gsofallsizefractionscontainhighcmcenm_/onsof_J,
Fe Ca, andMg. This suggests that lhc finest dze _
cmudmfragmentsof randgraincoatingscomposedof calcite,
dolomite, ironoxyhydroxideandclay minerals. Table 3 tabtdates
the fractions of loud element mass contained in _ mu'face

coatingandindicatesth_ thesurfacecoatings contain significant
fractionsof theMg, Ca, Fe andNi in ali size fractions.



Table 3. Ratios of Surface/Bulk Concentrations "

¢ •

SizeFraction

• Element unsplJt sand',:. 295p_ > fr> 2121J_ <,74Win
Li 0.03 0.03 0.02

Na 0.12 0.20 0.09

Mg 0.44 0.59 0.72
Al 0.17 0.25 0.11
K 0.20 0.14 0.05
Ca 0.42 0.57 0.89
'li 0.03 0.04 0.01
Mn 0.33 0..21 1.46
Ft 0.33 OJO OJ2
Ni 0.78 0.92 0.43

C. UnsaturatedColumn _g Experiments

The results of the unsaturated leaching experiments me
shown in Figure 2. The column effluent contains measusable

concentrations of the major components of the sand (Ca, Mg, Si)
of the u'acers (Ni, Br, Li) that will be used in the caisson

experimenL The initial spike in the concentr_ionsmay be due
totransientb_crea_in_ level of saturationduring elution of
the first 3 pore volumes; the concentration apw..an_ to approach
• steady state the_after.
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Figure 2. pH snd Compositions of F._luent Samples faxn
":- Unsaturag_ Flow Sand Column _g

Experiments.EstimateddetectionlimitsforlhcICP-

an: shown on the fight axisofFigure2.

Under unsaturmed conditions the effluent pH dropped to a
s_eady-state rm_ge of 7.2 to %5 after elution of appmximmely 5
pore volumes, in preliminary, saturated-conditionexperiments
(not shown), the pH of the effluent was initially neutral, rose
to > 8.7, and then reached a sleady.state value of approximately



8.2after6 porevolumes(approximatelyIf)had beencluted
" fromthecolumn.

D. PotentiometricSurfaceTitrations

Tiu'ationcurvesforWedron510sandatintervalsof0,3.0,

5.8, and 31 days over the pH range 2.65 to 10 are shown in
Figure 3. Readings at low pH (< 4) became less acidic by -1.5
pH units within the first three days and then wen: stable.
ReadingsalpH > 9 continuedtodriftwithtime,and near-
neutral pH readings revealed the development of a buffering
plateau. The pH shifts for pH < 9 are consistent with lhc
dissolution of the conjugate base of a weak acid. Assuming the
base to be carbonate-bearing minerals, a material-balance
calculation for the most acidic batch system provides sn
estimate of the minimum cat.hate content of the sand.
observed shih bet_een 0 _gl 3 clays of pH 2.76 to 4.33 requires
an allutfinityof 1.93 tw'4/gsand, correspondingto 0.96 lunoles/g
of cadx,,"mte.Ali of the observed change in pH is attributed to
carbonate dissolution, but some dissolution may have occurred
trueracidification butbefore the initial pHmcasumnenL
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Figure 3. Potentiometric Titration of Wedron 510 Sand Under
CO2.free Conditions

Titration curves foracid-washedund and acid-washed

, Min-U-Sil5 silicashownotimedependenceexceplmveryhigh
pH (>I0).InFigure4,fiurmioncurvesforthesetwosystemsare
compared to the _1 clay timuion curve for unwashed WecUen
510 sand and to theoreticaland experimentalcurves forO.001 M
NaO electrolytealone.3he model flmeion curvefor
elecu_ytewas adjustedto pass tlm_gh _ experimental clam
pointsatlow pH. Titrationcurvesforbothacid-washed
materialsan:essentialJyidentical, confu'mJngthe efficacy of the
acid*washingprocedure,and suggestingthat the sand is
composed of quartzarmoredby acid-solublephases.

At low pH, the acid.washed curves are coincidentwith thai
for electroly_ alone. This is expected because the pH of the
zcm-point-of-cha,'ge (pHzi_) of quartz is -2; therefore, al low
pH, the quartzsurface is mostly un-ionized, in deionized water
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• (at0 ge,quivalentsaddedacid)surfaceionizationissignificant,

contributingH* tothesolutionandhencereducingthepH from
neutraJto-5.2inbothsandand silicasystems.Underbasic
condirionso.,_ titrationcurvesfailwell below thatfor

electrolyte alonedue to the combinedeffects of silica
dissolution and surface ionization. At high pH, the titration
curve for raw sand Lies above its acid.washed counterpart,
indicating thatthe quara-I_in surfacesare_'momd with phases
thatare comparatively insolubleal high pH, preventing
equilibration between quartz and dissolved silica during the
courseoftheexperiment.
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Figure 4. Potentiometric Titration of Raw and Acid.washed
Wedmn 510 Sand, Jcid.wash_d Min-U-Sil 5 Silica,
and 0.001 M NaCI Ele.ztmlyte Under CO2-free
Conditions

E. BatchSorptionExperiments

Ni soq)tion (expressedas % solt_l) measured for the
untreatedsandal two solution:solid ratiosover thepH range5 to
I0areshowninFigure5. The datashow a sorptionedge rear
pH 6.5to 7,withmeasurable quantities w.xnainingin solution
even at the wrption maximum of 98% near pH 8. Because of
the differing solid:solution ratios, the two dm setsshowndo
rot match upwell in _e region of overlap, at sorption valuesof
50-70%. The equiva_mt Kd's over the pH rangeof interest mc
30 ml/gin (at pH = 7.2) to 80 (at pH ffi8). A mmpil_ca'!ingfactor
thathas not been fully quantified isthe presence of leachable Ni
in thesand at differentpWs.
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Figure 5. Nickel Sorption onto Wedron 510 Sand in Batch J
Systems.

Bromide sorption by sand was negligiole :_,_r the pH
range studied. Data from lithium sorption measu_:ments an:
summarizedin Table 3 and show that the Kd depends on both
the tracerconcentrationand thesolufon:solidratio. Preliminary
attemptsto fit the data to a Langmuir isotherm usinga least
squares analysis showed that the relationship between sorption
and tracer concentration was different for each solution:solid

ratio. Deviations of the experimental observations from
calculated Langmuir isotherm plots were unacceptablylarge at
the two higher solution:solid ratios. Additional data end
analysis an: w.quired to determine if the Langmuir or another
nonlinear isotherm is appropriate for lithium sorption by the
sand.

Table 4. Summp_*,yof Lithium K,t's (m//ffm) .....

Solution/Solid Ratio (mll[_)
Tot_ .t _

Li(pg/m/) ,, ,
IV¢ O live O IV(: O

0.10 13 2.2 37 ?.3 18 4.'7
] 0.16 0.15 0.80 0.08 0.89 0.05
10 0.20 0.01 0.18 0.13 . 0.46 0.17

F. Ni SolubilityStudies

Experimental solubility da_ obtained Ifler 10 days of
_iuiIib_fion are compan_ with the published _heomical
solubility vs. pH curve of Baes and Mesmers in Figure 6.
Analyticalunceminfiesarenotshown,butarebelievedtobe

lessthan:I:0,15pH unitsandless_hen:I:0.02logunitsinNi
concentration,excel)(forNi < I0" M, wheretheuncertainty
_,achcs+0.1/0.2logunits.Batchsystemsplottingon the
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• undersa_ra[edsideof thecurveshowedessentiallynochangein
Ni ooncemn_onduringtheten-dayequllJbradonpenod. Batch
s'ysm'osplottingin the supersstunu_field .i_;')wsignificant
decw,a._s in Ni concenu'afionover the same period, the
magnitudeof whichappea_to be relatedtothe_gree of
supe_t_mion.EquLlibriumismostcloselyapproacl_athigh
pH: in fact, the datum at pH9.9 may gma]ly lie much closer to
the curve° The Ni _ here approachesthe limit of
_tJon of the GFAA tedmJque, mgl so is subject to
COml_-.dv¢iylarge unocnaJnty. The data are c_-isumt with
the published curve, and suggest thax the kinetics of Nl(OH):t
precipitationage moderatelyslow -- ten dayswen: insufficient
m achieveequLUbdumforaan_degreesofoven,saturation.

O
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Figure 6. Ni Solubility under C02-fr_ Conditions as a
PunctJonofpH.

G. Soqxion of Tracers by Plastic LabwarelindSolution
Smplen

Studies of tracermigration in the caisson w,d systematic
laboratory stud/es of adsoq_on of tracersby sand will rely
primarily on mea._rcment_ of the _ncenu'ationof the_:en in
solutions. Direct measurementsof the cono_nn_om of utters
adsorbedto the muds will not be made mut/nely:d_gnd'ore,my

of the tm:m by mX_on umpire c,rpltnlc tsbwm
mma be ggotmted for in _ of _ ixmitkxt

(g¢_, _ Imun_ or surface mmpteut_
amsunts) or _ factors. Appendix A descfltes indies
oftheaglsoq_nofNI asaflmctloalofpH by Eve.mlklndsof
labwm used for sampleeoBectlmtubes,a_aiga nntl
¢a=tttlfulgetubes. These Includelow-dm=frypolyemylme
(LtWE), pot_ (PP), pot_ OA), a.d
pol_ 0_. The mm_ _cate that_ of a_
plastics_ a sl_cam sorberofNi under n_ral and
alkaline conditJom; tns effect will have to be sccourged for in

8,)rptJonand solubility experiments. These studks also Indlc_ttc
that di of theplasticsnrcsuitable for use as geochemical
sampling vessels for acidified solutions.

Upmce of trucm by the solution umpire _ also
errors in estimation of _gh times in the
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caisson. _x A describes studies of the adsorptionof the
tracers by hollow fiber and ceramic samplers in static and
flowing systems. '_e results indicate that the hollow fiber
samplersdo not adsorbany of the tracersbut that the cermnic
samplerswill adso_ _i and may be sources for Li and Br. At
least l I of solutie_t_t pass through thesamplerbefore the Ni
concentrationsof the inIiuentand effluent become equal.

IV. DISCUSSION

Validation of contaminant transpor models involves
comparison of calculated and observed tr-.._r elution curves.
The agreementbetweenmodel predictions and experimental
data will not be perfectbecauseof uncertaintiesin tracer
detectionandtheaccuracyof modelassumptions,Criteriafor
acceptable a_eement must be formulated as part of a model
validationtesiandmust reflect various sourcesof uncertainty in
the experimental and model designs. 'lhc caisson experiment
described in this und related reportst.L3 was designed to
provide wdJ-conuoLledconditions and • well-characterized
geomecliato £1ow _muion of uncertaintiesdueto chemical

physicalprocesses.

The Wedron510 sand was cho:mnfor the porous matrix,
because compa_ to other nm_,,_ materials, it is relatively
chemically mind physically homogeneous. The physical
pmpe_es of the sand are described in • companion paper.
Detailedcharacterizationof its geochenical properties,however,
revealedthat thesand is • mix.re of several reactivephases, lt
is likely that chemical reactions involving the surfaces of the
minerals, solutes in the pore fluids, atmospheric gases, the
tracers,and the solution samplers will introduceuncertainties
into the interpretation of the observed tracer breakthrough
curves. The objective of thematerials characterizationstudies is
to obtain sufficent datadescribing these interactionsto ._IIowfor
comparison of the robustness of several different transport
modelswith respect to this uncertainty. In this section the
sources of uncertaintyand the alternative geochemical models
aredescribed.

A. Uncertainty in Prediction of Chemical Conditions in
the Caissonand TracerSorption

The leaching testsdescribedpreviously indicatethai significant
amountsoftheLi. Ni and Br will not be leached from therand
and interfere wig__e tracer tests. The m_ii_ also indicate,
however, thatlhc _,_! will not be chemically inert duringthe
caisson experim_t_ Detectable mounts of Ca, Mg, Si wege
observed in both _mu:hund flowing systemsat low and near
neutral pH. Significant pH shifts we,re observed and were
dependenton fig degree of hydraulicsaturationin the flowing
systems. The surface titrationcurves shown in Figures-3and4
indicatethatthesandcontainsmlnentlswhose_lowdissolution

willaffectthesolutionpH. The existenceofotherpotentially
reactive minor minerals was indicated by analysis by x-ray
diffraction, petrographic microscopy und scanning dec•nra
microscopy.

The available geochemicd und mineralogicaldata suggest
tim thechemicalcompositionof pore fluids within the caisson
will be controUedby dissolution of quartz, carbonatecement.
diffusionof almospheric CO2 into pore fluids, hydrolysis of
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sUanol(SiOH) groups and hydrolysis of FeOOH surface gn}ups
• (see Figure 7). lt is anticipatedthat chemical conditions within

the caisson wiLt initially t,e transient but thai st steady-state
chemical profile may eventmdly develop. The flow velocity
the dissolution rate of ca:txmatecement and the CO2 diffusion
ratewill control the approachto s_teady.statepH profiles in the
caisson: the amount of carbonate cement will determine the
lifetime of the steady.state profde.

_ R _.I.:__':_ _. ...:

_. utah_ 'P OO, _ r.,a_wme msmp ling, ml

Figure 7. Factors Potentially Affecting pH in a Column Ftlled
With Wedron510 Sand.

Adsorptionofsolutesby minera]_rfacescanpotentially
be affected by many proper_es of the adsorbent and adsorbate
including:thesurfaceareaandchargeof theadsorbent,the
speciation and concentration of the adsorbate,and competition
for sorpt/on sites betweenthe tdsorbateandothersolutes. As
discussed previously, the pHz_ of quartzis i 2: underthe near-
neutralconditions of the caisson, the surfaceof the sand should
be negatively charged. Bromine is pn_sentin natund waters as
Br"and should not be adsorbed by the sand;this was confirmed
by the sorption experiments described above. Thus, bromine
should behave as conservat/velncer, uncertaintiesin itselution
curve shou)d be attributedto hydrologica]effects.

Lithium is present in naturtl waters as Li2+, a simple
cationS; Ihen_fore, adsorption by the sand al near-neutralpH
shouldbe sensitive primarily to the surface luna of the
adsorbent,competitionwithothercationsforsorption sites,and
Li concentration. The datadescf/bed in Table 3 indicate thatLi
sorptionis nonlinear(le Kd is a ftmcdonof LJco¢_esmwio_ and
solution:solid ratio)but thatover the rangeof intewJt (I-I0

U: I:i ml/g) sorptionis low and fairly c_nstara(Kds 0.2 mOS).
Thus. the contributionof _ical effects to the _nty
in the lithium b,v.akOtr_gh should be mali and could be
minimized by use oftheappmpflatenonlinear(isotherm) model
forsoq_o..

The chemical speciatio_ of Ni is consider_y more
complexthanthatof Lithiumor bromine bec.m_ it forms
complexe¢swithOH" andC032".Rsere5 indicatestlm Ni
soqxion by Wedmn 510 sand is very sensitive to pH (or OH"
concentration)under near-neutralconditions. The results of the
column experimentssuggest thatthe pH in the caisson could be
as high as approximat;iy8.2 and as low as 7.2. Figure $ shows



- thalnickelsorptionrangedfromabolJt20% toalmost100%for
experimentswithsolution:solidratic,sofaboutI:Iml/g.TI_
correspondingrangein calculatediKd is 15-90ml/g. Tt_
uncertaintyin tracerretardationfactor is ggarly proportionalto
the Kd, therefore, the error in our predictionof breakduough
times for Ni flue to the unceratintyin pH could be as much as
600%. Int_eunsaturatedcaisson,thesolution/so.tidratiowill
belessthanthatofthebatchsorptionexperiments(<0.21-2);the
associatederrorinthepnulictedNi retardationfactorforthe
caisson is not knownat this time.

Figure 6 indicates that rbe solubility of Ni may vary by
three orders of magnitude(approximately I0"s-10"2M or
0.6- 600 ttg/m/) under CO2-free cotufifions over the pH nmge
relevant to the caisson. Prel_inary speciation calculations
indic_tlmthepw.sence of CO 2willnotapweciab_y affect Ni
solubility in the caisson. The use oflow tracer concentrations
(100 nghn/) should prevent precipitation of Ni(OH)2 in the
caisson and in sorption experiments. Additional long-term
solubility experiments an: being canied out m obtain data at
equilibrium.

B. Evaluation of Alternative Models forSoqxion

The abilities of several different models oi equilibrium
sorption to predict uanslmrt of the tracers in the caisson are
being examined. In order of increasing complexity and
robustnessthey are:

I. LinearSorption (distribution constantor Kd),
2. Non-linearsorption(Langmuirand otber isotherms),
3. ion exchange,and
4. Triple-layersurfacecomplexaiion models.

The simplest model (linear sorption) requires a single
constant (Kd) that is valid only for the physicochemical
conditions of a particular experiment. In contrast, the Iriple-
byu model (TLM) w,quires several adjustable parameters
describing surface complexation of cations and anions,surface
hydrolysis, electrostaticproperties of the mineral surface double
layer, and ,the density of surface sites7. The complexation
constantsarevalidovera widerrangeofconditionsthanKd'S,
however, considerablymore experimentaldatamust be gathered
to obtain valuesfortheadjustable parameters. Currenthigh-
level waste performance assessment codes use either Kd's or
simple isotherms to represent getardatimx.These models an_not
_J'ueturally valid, le. they do not ac_nuately describe
retardationmechanisms. However, if they can be shown to be
predictively valid in the appropriateexperimental frames (lc.
im_ct the results of new experiments under relevant
physicochemical conditions), then they can be used in
performanceassessment ca]cul_ms.

C. Futun_Work

'rbe dependencies ofthelithiumKd on the concentrations
of the tracer and the solids suggest thai an isotherm sorption
model may be requiredto predict Li transport. Additional data
describing these r_lafionships will be obtained to allow
comparison of the vailidity of the Freundlich. Langmuir and
other isotherm models for lithium transport. The data for Ni
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sorption, s'ugg_t that a model describing the changes of pH and
the concentrationsof other solution species as a functionof time

• andposition within the caissonand the concomitant effects on
Ni sorption may be requiredfor accur_e predictionsof nickel
transport. Data will be collectedwithinthe framework _f the
_ple-liyer model to allow inclusion of these effects in the Ni
transport calculationswith the LEHGC version of the
HYDROGE_ code9. Sorptiondatawill also be colleaed
and analysed within the framework of ion-exchange theory.
Ion-exchangeexperimentswill be carriedout for Ni-Na, Ni-Li
and Li-Na exchange. Values of the ion-exchange equilibrium
constants will be calculated and the mbusmess of the
ion-exchange model will be compa_lto that of the bothenn
model for lithium and that of the TLM model for nickel.

V. SUMMARY

The geochemical propertiesof a poroqs sand and several
tracers (Ni, Br, and Li) have been characterized in order to
design a caisson experiment for validation of rr,active mmspon
models. The geochemical data obtained in preliminary
characterizationstudies suggest that the rangeof probabletracer
velocities will allow for detection of the tracers at sufficient
depths (>I00 cn) for modeling and within relatively short (<6
months) breakthroughtimes. Based on the studies describedin
this paper, the following geochemical parameter values were
used forthe purposesof caisson design:

InfiuentNi tracerconcentrations: I00 ng/ml
ExpectedrangeofNiKd: 15 -90 ml/g
influent Li concentration: l0 pg/g
ExpectedLi Kd: 0.2 mllg
InfluentBrconcentration: . :5 _g/g
ExpectedBr Kd value: 0 ml/g

The surfacesof the sandgrains have beenchargterized by
a combinationof techniques including potentiometric titration.
acid leaching, optical microscopy, and f¢_ning electron
microscopy with energy.dispersive_scopy. Although the
bulk chemistry and mineralogy suggestthat the sand is
predominately quartz, the surfacestudies indicatethe
of non.trivial amounts of carbonate, kaolinite and and iron-
oxyhydmxides, lt is proposedthai the chemical composition of
pore fluids within the caisson will be controlled by dissolutioca
of quartz,cadx_ cement, diffusion of atm_ric CO2 into
pore fluids, hydrolysis of sflmol (SiOH) groups and hydrolysis
of F,eOOH surface lpmups, lt is amticipatedthat chemical
condifiom within the caisson will initially be tnmlent buttlm a
meady.mue chemicalprofile may evenmaUydevelop.

The experimmtal data mggest tlmt a linear Of,a) or m
isotherm mq_on model may adequately des_be trm.W_ of
Li.The sharppH.dependem sorption edge fornickelsuggests
th_ a model describingthe changes of pH md the
concentrationsofothersolutionspeciesasa function of time
andpositionwithinthecaisson,andtheconcomitanteffectson
Ni sorptionmay be n:quiredforaccurate_ ofnickel
transport.The resultsoffutureexperimentswillbeinterpreted

underthe formalismsof linearsorption(Kd'S),non-linear
mrption, ion exchange, and the _ple-layer model. Thedifferent
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approaches will be used to simulate transportof the n'acers in
the caisson: the validiUes of the sorption models for the
conditions of the caisson experiment will be evaluated by
comparingpredictedand measuredelution curves.
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APPENDIX AL SORPTION OF TRACERS BY
SOLUTION SAMPLERS AND PLASTIC LABWARE

A. SorptiononPlasticsContainers

Ni sorption on =evertl plastics (low-density polyethylene
(LDPE), polypropylene (PP), polyMlomar (IRA), and
polycad'A_natefl_")) has been investigatedas a fun_:tionof pH in
two studies.In the first,whichsimulatedstaticstorageof raw
samples, two batches of effluent from a Wedron 510 rand
column were spikedwith 5 or 50 ng/ml Ni, andaliquotswere
equilibratedfor two claysin LDPE bottles(bothnewandacid-
washed). Although the effluent containedeither 1.0 or 4.6
ng/ml Ni, partially obscuringexperimentaleffects,it appears
that some concemration-dependent sorption occurred,
amounting to "/% and 3% at fmaJ Ni concentrations of
5 - 10nghnl and45 - 50 nghnl, respectively.

In the second study, which was designedto maximize the
effect of any sorption phenomena, sm_ aliquots of 0.01 M
NaC] containing either 5 or 50 rig/ml Ni were equilibrated in
large containers for nine days with continuous agitation.
Containermaterials included PP, PA, and PC, and solution pH
was adjustedto cover the range5-9. Results ase plotted in Fig.
4. No sorptionwas evident for PP and PA containersfor pH <
6; sorptionincreased steadily with increasing pH and exceeded
80% at pH 9.5. The pmpomonsort_ was independemof
initial concenu_ion for the two values tested. The PC

containers sorbed significant amounts of Ni at pH>5; but,
n:lationship between sorption and pH was obscuredby leaching
of nnacidiccomponent from thecontainerwaits and incomplete
mrption equili_um.

Desorption was investigatedby acidifyingtheequLUtmaed
samples to I% HNC_, re-equilibrating for five days with
mntinuous agitation, and then comparing the final with Ibe
initial Ni concentrations. Sorption appearsto be fury _vertible
for s=nples origirudlyat pH 8 or less before acidification. At
higher original pH values, the data m equivocal,with
significantly higher final man initial Ni ooncenlr_om, most
likely the result of contamination problems.

lt appe_ that each oftheplasticsbecomes• significant
sodaerof Ni underneutraland MkMineconditions, andmay have
to be accountedfor in furore sorptionexperiments and tests of
Ni solubility. These studies indicate thai iii of the plastics an:
imitablefor use as geochemical sampling vessels for acidified
solutions. Acidification need not be immediate,ts Ni is p'_..dily



strippe_ from the vessel walls by 1% HNO3 (this has not yet
beenstrictlyverified for LDPE).

B. Sorption of Li, ?_i, _d Br by Ceramicand Hollow
FiberSamplers

The uptake of tracersby the hollow-fiber dialysis tubing
and high.flow ceramic samplers was evaluated. The dialysis
tubes were usedin • previousc_isson experiments,lo Because
of concernsthai the tubing wili collapseunderhigh exxon
suctions,the cenunic cups were also consideredfor this
expcrimenL Batchmrption tests with the elecm>diayl/s tubing
indicate thatthe tubinghas • kachabIe acidic component. In
these tests, approximately 3 g of robin8 was placed in 30 ml
0.01 M NaC]solution with 50 ppbNi, 10ppm Li, and ! ppm Br
andagitatedfor I day. The equilibriumpH was 5.8 and sorption
of thetracerswas negligible.

Sorption of NJ, Br, and Li onto Soil Moisture BIM3
ceramic tamples was measured in batch and flow through
experiments. Batch experimentswere carriedout with • smnpler
that had been ground to the <200 pm size fraction, and pre- ,,
equilibratedfor 18 hour3 in 0.01M N•C] elcctrols_ in 40 ml
PC centrifugetubes. No aneml_ was made to controlthe pH: the
equilibrium pH was 8.3 at • solution:solid ratio of 9 ml/g.
Sufficientnickel, bromide, and lithium wen: added together to
the centrifuge tubes to yield initial tracerconcenurationsof 50
ppbNi, 10 ppm Li, and 1 ppm Br respectively. The centrifuge
tubes were agitatedon hematology mixers for 2 days. After the
equilibrationperiod, the solutions were separatedfrom the solid
by centrifugation (11,000 rpm for 10 minutes). Final tracer
concentrationswere measured as describedpreviously. The K_'s
measured for Ni, Br and Li were 61. -6 and -4 ml/gin
n:spectively. The negativeKd'Smay indicate leaching of tracers
from the ceramicsamplers.

Three flow-through experiments were carried out under
atmosphericconditions in which 0.01 M Nac] solutions with

nominalconcentrationsof 50 ppbNi, I ppm, Li and 7.3 ppm Br
were drawnthrough • BlM3 ceramic samplerat 0.35 ml/rain.
In thefirstandsecond exper_nents attemptswere madeto buffer
the pH at near neutral and alkaline values with sodium borate
buffer (i0 or 4 ppm B); in the third experiment, the pH was
controlledby atmosphericCO2 and the propertiesof the ceramic
sampler. In the second m_l third experimentsthe pH declined
over thecouneof theexperimentsdee m uptakeof CO2by me
mlution. The pH values were 8.8. 7.6 to 7.3 and 7.2 to 6.5 for
the first,secondandthirdexperiments respectively.

Breakttumjghcurves for Li and Br hem the tim
experiment an: shown in Figure Ai. For bothelements,

breakthnmgh (definedat C/Co = 100%) was ,chieved Mtex50
ml of solution had been eluted. The feud concentrationswere
f'mm5 to 10%higherthan those of the feed solutions. This may
be dec to theeffect of evaporation during the time requiredfor
analysis or leaching from the ceramic.
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Figure Al. Li and Br breakflu_gh curves for flow through
BIM3 ceramic sampler.

Ni breakthrough curves for pH 6.5 and 7.4 from the
__,,ond and third experiments are shown in Figure A2.
Breakthrough (C/Co _ 100%) was not reached until
approximately 1000 ml of solution had passed through lhc
creamic sampler. The concenlration of Ni in the influent
reservoirwas measure.,dat the end of the experiment and found
to be 40 ppb ratherthan the expected value of 50 ppb. The
cause of this discrepancy is unknown but may be due to
experimentalerroror sorptionof the Ni by the gla.,_sreservoir
Ve_._l.
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Figure A2. Ni bw.akthroughcurves for flow through BIM3
ceramicsampler.

The results of the baw.h and flow.fl_ough_Uacer tests
indicate that the BIM3 ceramic cups would not be_itable
solution samplers for Ni tracer studies. Ni sorption by ate
electrodialysis tubing is negligible, therefore this material will
be used to study Ni migration in the caisson. The batch and
flow-throughexperiments indicatetlm Br and Li arenotsort_
by the ceramic cup: however, there is some evidence that these
elements may be leached from this material. Solutions sampled
with the ceramic cups will be analysed for Br and Li: in
addition, samples obtained with the dialysis tubing will be
analysed forthese tracers.
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